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Summary. The propagation of epileptiform burst 
activity was investigated in the CA1 area of the 
in-vitro hippocampal slice preparation of the 
guinea pig. This activity was provoked by 0.1 mM 
4-aminopyridine in the bathing medium and was 
recorded in the pyramidal layer with an array of 
eight electrodes. The delay between the first pop- 
ulation spike of a burst recorded with different 
electrodes was calculated using the cross-correla- 
tion function. The propagation velocity was esti- 
mated from the delays and the electrode intervals. 
It was found that the velocity of spontaneous and 
evoked epileptiform bursts varies between 0.15 and 
5 m/s and is not confined to the range of conduc- 
tion velocities of the fibre systems in CA 1 (0.3-0.55 
and 1.0-1.8 m/s). Different velocities can be present 
in different parts of the CA1 area and the initiation 
of spontaneous bursts is not confined to the CA2-3 
areas, but can also occur in CA1. Burst activity also 
propagated in a low calcium-high magnesium 
medium. Different mechanisms of propagation are 
discussed and it is argued that the propagation 
velocity due to ephaptic interaction may vary large- 
ly. It is concluded that epileptiform activity can be 
propagated not only by synaptic onnections at or 
near the pyramidal layer, but also by way of electri- 
cal field effects of population spikes. 
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Introduction 
In the generation of epileptic activity mechanisms 
both at the cellular and at the population level play 
an important role. Although the investigation of 
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epileptic activity has long been concentrated on 
cellular properties (Prince 1978), the questions of 
how synchronization a d propagation of this activ- 
ity in large neuronal populations take place, are 
receiving increased attention. Both aspects have 
been investigated in the in-vitro hippocampal s ice 
preparation. The hippocampus i  appropriate for 
the investigation of population properties, since it 
has a relatively simple laminar arrangement of its 
neurons. Evoked potentials and epileptiform activ- 
ity are associated with the almost simultaneous 
discharge of a large number of these neurons and 
give rise to field potentials with large amplitudes 
(Andersen et al. 1971; Schwartzkroin and Prince 
1978). 
The site of generation of epileptiform bursts in 
the hippocampus has been investigated by several 
authors (Schwartzkroin and Prince 1978; Wong 
and Traub 1983; Voskuyl and Albus 1985; Mody 
et al. 1987). For different models of epilepsy (peni- 
cillin, bicucullin, 4-aminopyridine, low mag- 
nesium) it was found that burst activity was ini- 
tiated in the CA2-3 area and propagated towards 
the CA1 area. Voskuyl and Albus (1985) found a 
propagation from CA3 to CA1 at 0.1-0.5 m/s for 
one type and 0.01 m/s for a second type of spon- 
taneous 4-AP bursts. Schwartzkroin and Prince 
(1978) reported avelocity of approximately 0.1 m/s 
in the penicillin model and Knowles et al. (1987) 
found in CA2-3 an average value of 0.13 m/s in the 
picrotoxin model. In the low calcium model of 
epilepsy a very slow spread was observed in CA1, 
at a mean velocity of 0.00174 m/s (Konnerth et al. 
1986). 
Several mechanisms may be involved in the 
propagation of epileptic activity in the hippocam- 
pus and other structures. The role of chemical syn~ 
aptic transmission has been considered essential for 
the spread of epileptiform activity (Dichter and 
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Spencer 1969; Ayala et al. 1973; Schwartzkroin 
and Prince 1978; Prince 1978; Gjerstad et al. 1981; 
Johnston and Brown 1981). However, seizure-like 
discharges have been observed in hippocampal 
slices in which chemical transmission was blocked 
by a low calcium-high magnesium (or manganese) 
solution (Taylor and Dudek 1982a; Jefferys and 
Haas 1982; Yaari et al. 1983; Snow and Dudek 
1984a; Richardson et al. 1984; Konnerth et al. 
1986). It was concluded by Taylor and Dudek 
(1982a, 1984a, b), Haas and Jefferys (1984), Ri- 
chardson et al. (1984), Snow and Dudek (1984b) 
and Yim et al. (1986) that electrical field effects 
(ephaptic interaction) may contribute to the re- 
cruitment and synchronization f the population of 
CA1 pyramidal cells by depolarizing marginally 
active neurons. The modelling studies of Traub 
et al. (1985 a, b) led to the same conclusion. A simi- 
lar mechanism of propagation of hippocampal sei- 
zures was proposed previously by Green and Pet- 
sche (1961), who pointed out that synchronized 
activity could easily occur due to transient electri- 
cal fields evoked by simultaneously generated ac- 
tion potentials (population spikes). Jefferys (1981) 
demonstrated that externally applied current pul- 
ses giving rise to field potential gradients of 5- 
10 mV/mm could modify the excitability of dentate 
granule cells, while population spikes in the hippo- 
campus may generate potential gradients as high 
as 50 mV/mm along the somadendritic axis. 
Electrotonic or 9ap junctions are observed in 
several hippocampal areas (Schmalbruch and 
Jahnsen 1981; MacVicar et al. 1982; Taylor and 
Dudek 1982b). Since electrotonic depolarizations 
were only found in a small percentage of CA1 
pyramidal cells and dye injection usually stained 
only 2-3 cells, this type of interaction is not con- 
sidered to be a probable mechanism ofpropagation 
in the CA1 area (Haas and Jefferys 1984; Richard- 
son et al. 1984). 
During epileptic activity extracellular ionic con~ 
centrations may change significantly. The increase 
of K + (Fisher et al. 1976; Heinemann et al. 1977; 
Prince 1978; Krnjevi~ et al. 1982; Somjen and 
Giacchino 1985) may depolarize neuronal mem- 
branes by 10 mV or more (Haas and Jefferys 1984) 
and thus increase their excitability. Therefore, 
changes in the ionic environment may facilitate 
synchronization of neuronal activity. In the low 
calcium model it may also account for the very 
slowly propagating seizure-like vents (Yaari et al. 
1986). 
Different spreading mechanisms ofepileptic ac- 
tivity may be characterized byvarious propagation 
velocities. In order to obtain a better understanding 
of such mechanisms we determined the propaga- 
tion velocity of epileptiform bursts in hippocampal 
in-vitro slices, using the 4-aminopyridine epilepsy 
model in which this activity is confined to the 
CAI-3 areas (Fricke and Prince 1984; Voskuyl and 
Albus 1985). Multielectrode r cordings were made 
in the pyramidal ayer of the CA1 area, and 
propagation velocities of spontaneous epileptiform 
bursts were compared with the values of evoked 
bursts and the velocities of the fibre systems in 
CA1. 
Methods 
Experimental techniques 
Twelve guinea pigs (450-600 g) were anaesthetized with ether, 
decapitated and the brains quickly removed. The hippocampi 
were isolated and slices (0.6 mm thick) were cut with a set of 5 
razor blades in a plane parallel to the lamellar structure. The 
slices were preincubated in a bathing medium at room tem- 
perature, consisting of(in mM) NaC1124, KC15 or 6, NaH2PO4 
1.24, MgSO4 1.3, NaHCO3 26, CaC12 2 and glucose 10. The 
medium was saturated with 95% 02 and 5% CO 2. After 1 hour 
slices were transferred to a perfusion chamber with the same 
bathing medium, held at a temperature of 32.0-32.5 ~ The 
chamber (2.7 ml) was perfused at a velocity of 1 ml/min. Humi- 
fled gas (95% 02-5% COz) was blown over the slices, which were 
on a nylon gauze just underneath the surface of the bathing 
medium. The condition of the slices, as shown by the electrophy- 
siological recordings, could be kept constant for 4~6 hours in 
this perfusion chamber. In some experiments different con- 
centrations of KC1 and CaC12 were used without correcting for 
the change in osmolarity. In experiments with low Ca 2+ 
(0.2 raM) the CaC12 was replaced by MgCI2. 
Field potentials were recorded simultaneously with an 
eight-electrode array developed in our laboratory (Verloop and 
Holsheimer 1984). The array, with electrode diameters of 33 gm 
and tip intervals of 0.1 or 0.2 mm, was positioned by a microma- 
nipulator in the pyramidal layer of the relatively flat area CA 1 b 
(Lorente de N6 1934). The reference lectrode was an Ag-AgC1 
electrode placed at the bottom of the perfusion chamber (3 mm 
underneath the slices). The recording electrodes were connected 
to eight pre-amplifiers (10 x5 Ohm [I 0,6 pF). The amplification 
systems (bandwidth 0.5-5000 Hz) fed the field potentials into a 
14-channel FM recorder (Ampex FR 1300). Stimulus artefacts 
were suppressed by a stimulus-triggered hold-pulse (0.6 ms), fed 
into a sample-and-hold amplifier in each amplification system. 
This pulse was also fed into the analog recorder. 
An isolated current source was used for stimulation. A 
small cathodal electrode was positioned in the slice by a micro- 
manipulator and a larger anodal one was located at the bottom 
of the perfusion chamber. The current source was driven by an 
Apple II microprocessor. Current pulses could be generated at 
15 discrete values ranging from 0.02-0.30 mA, with a duration 
varying from 0.02-0.20 ms and variable pulse intervals. Usually 
intervals of 5 s, a pulse duration of 0.05 or 0.1 ms and a current 
of 0.1-0.2 mA were used. 
Epileptiform activity was provoked by adding 0.05- 
0.10 mM 4-aminopyridine (4-AP) to the bathing medium. 
Estimation of time delay 
During the experiments he recorded signals were monitored on 
a dual channel storage oscilloscope. Delays were estimated from 
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Fig. 1. Cross-correlation function of 2 PSs (a and b) used for the 
estimation of their time interval (resolution= 57.55 ~s); in this 
example the delay between zp~ak and ~= 0 is 3.165 ms 
the intervals between the peaks of the corresponding population 
spikes (PSs), recorded with different electrodes. In control ex- 
periments delays between compound action potentials (CAPs), 
recorded from a stimulated fibre bundle, were estimated in the 
same way. 
Field potentials tored on tape were sampled at a rate of 
2000/s or 2172/s by a PDP 11/40 computer. (Previous frequency 
analysis of the signals to be analysed (PSs) showed that the 
power above 800 Hz was negligible.) Sampling of an evoked 
burst was started by the preceding stimulus pulse. In order to 
increase the signal-to-noise ratio the average value of 4-6 re- 
sponses was calculated for each channel and stored on disk. This 
could be done since bursts evoked in the same way were similar, 
except when an evoked burst was preceded by a spontaneous 
one within 0.1 s. The sampling of a spontaneous burst was trig- 
gered by the negative-going slope of the first PS from the chan- 
nel which showed the earliest response. In contrast o the re- 
sponses elicited by electrical stimulation the shapes of the spon- 
taneous bursts were not always similar. In these cases we stored 
single bursts instead of averages. 
We defined the delay of a propagating epileptiform burst, 
recorded simultaneously b  two electrodes, as the delay between 
the first PSs of the two recordings. The delay was estimated by 
calculating the position of the peak in the cross-correlation 
function of the two PSs. For each channel the first PS was 
selected by a tapered data window of appropriate length. In 
order to increase the resolution of the delay the resolution of the 
cross-correlation function was increased eight times by an inter- 
polation procedure (van der Vliet et al. 1980). An example of the 
interpolated cross-correlation function is shown in Fig. 1. The 
calculated elays were corrected for differences in delay between 
the channels, introduced by the analog recorder and the A - -D  
converter. Delays At of each (average) burst were computed 
between the PS at one of the extreme lectrodes and those at all 
other electrodes. A plot was made of the values of At against he 
distance Ax between the electrodes (measured under a micro- 
scope). If we assume a constant propagation velocity, this can 
be estimated by the best-fit line relating to Ax and At. 
71 
Results 
Within a few minutes after the application of 4-AP, 
epileptiform bursts occurred regularly every 2-3 s 
in the CA1-2 areas, but not in the dentate area (cf. 
Fricke and Prince 1984; Voskuyl and Albus 1985). 
These bursts could also be triggered by a weak 
stimulus in one of the CAI-3 areas. When the 
bursts were triggered the direction of propagation 
was dependent on the stimulation site. If a stimulus 
was given at the subicular side of the electrode 
array in CA1, the response propagated from the 
subicular towards the CA3 side and vice versa. 
The experiments were done on 22 hippocampal 
slices: 13 for measurements of the propagation 
velocity of 4-AP induced epileptiform activity, 7 for 
measurements of the propagation velocities of the 
fibre systems in CA1 in a bathing medium without 
4-AP and 2 for both. 
Propagation velocities of fibres in CA1 
In the control experiments different fibre bundles in 
CA1 were stimulated and recordings were usually 
made with the electrode array in the same layer as 
the stimulating electrode (Fig. 2 A). This electrode 
was placed in CA1 at one side of the recording 
electrode array and the Schaffer collaterals (in the 
middle of the stratum radiatum), the alvear fibres 
and fibres in the stratum oriens and the stratum 
radiatum close to the pyramidal layer (commissuraI 
and other fibres) were stimulated. Delays between 
the CAPs of a fibre bundle or the PSs of the pyra- 
midal somata were estimated from the display on 
the storage oscilloscope and also by means of the 
cross-correlation method. When both CAPs and 
PSs were present in the same recording, the time 
interval between CAP and PS sometimes increased 
a little at increasing distance from the stimulating 
electrode (Fig. 2A, 2). Results are shown in Fig. 
2 B. The propagation velocities, calculated from the 
delays, are summarized in Fig. 4A. The mean 
velocity of the Schaffer collaterals was 0.34 m/s 
(s.d.=0.06, n=8), of stratum oriens and com- 
missural fibres 0.48 m/s (s.d. = 0.04, n=4) and al- 
vear fibres had a mean value of 1.32m/s 
(s.d. = 0.35, n-- 6). 
Propagation of epileptiform bursts 
After the application of 4-AP epileptiform bursts 
were recorded in the pyramidal layer. Spontaneous 
and evoked bursts had similar shapes. This similar- 
ity was true for the complete laminar profiles (see 
Discussion). Therefore propagation velocities of 
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Fig. 2A, B. Control experiments. A Averaged evoked field po- 
tentials at stimulation of Schaffer collaterals (1) and stratum 
oriens fibres (2), recorded in the hippocampal area CA1 b with 
8 electrodes at intervals of g 0.13 mm in the stratum radiatum 
(1) and at the border of stratum oriens/pyramidale (2); trace 
1 at the CA3-side of the recording area, positive up; CAPs 
indicated by an asterix, field EPSPs by a triangle and PSs by 
a dot; P: pyramidal layer, F: hippocampal fissure, SUB: suN- 
culum. B Plot of electrode distance versus delay; the propaga- 
tion velocity of the fibre systems is shown by the slope of the 
lines; 1. alvear fibres (1.3 m/s), 2. stratum oriens fibres (0.39 m/ 
s), 3. Schaffer collaterals (0.28 m/s); propagation towards the 
subiculum 
spontaneous burst activity were compared with 
velocities of bursts triggered by stimulation of spe- 
cific pathways. In order to evoke bursts, stimuli 
were given in one of the CA1 layers or in the 
pyramidal layer of CA2-3. The threshold current 
for triggering a burst was less than 50% of the 
threshold current required to evoke a Schaffer 
collateral response before the application of 4-AP. 
The first PS of bursts triggered by stimulation had 
a mean amplitude of 2.8 mV (s.d. = 1.3 mV, n = 9). 
For spontaneous bursts the mean was 1.5 mV 
(s.d. =0.8 mV, n = 5). No relationship was found 
between the PS amplitude and the propagation 
velocity. Successive stimuli at the same site resulted 
in almost identical latencies at each electrode. Dif- 
ferences in delay were not more than once 
(sometimes twice) the resolution of the interpolated 
cross-correlation function (58 gs). Responses with 
different shapes and latencies, occurring if a stim- 
ulus was given less than 0.1 s after a spontaneous 
burst, were not used. Successive spontaneous 
bursts also had almost identical delays between 
electrodes. The delays calculated from the record- 
ings shown in Fig. 3 A are presented as a function 
of electrode distance in Fig. 3 B. Note that curve 
1 propagates towards the CA3-side, due to stimula- 
tion at the subicular side. 
The propagation velocities calculated from all 
recordings of evoked and spontaneous epileptiform 
bursts are summarized in Fig. 4 B. In this histogram 
the range of propagation velocities is divided into 
3 intervals: 0.15-0.55 (I), 0.55-1.8 (II) and > 1.8 m/ 
s (III). Interval I includes the range of the Schaffer 
collaterals, the commissural and stratum oriens 
fibres and interval II includes the range of the 
alvear fibres. The propagation velocities found for 
these fibre systems are shown in Fig. 4 A. No simple 
relationship was found between the stimulus con- 
dition and the propagation velocity of epileptiform 
activity. The propagation of spontaneous bursts 
mostly had a velocity in interval I (n = 10) or II 
(n = 10), and some in interval III (n = 3). See Fig. 5 
(curve 1). With stimulation of the alveus the veloci- 
ties were almost evenly distributed over the three 
ranges (n = 6, 5, 5). When stimulating the CA2-3 
pyramidal layer only half of the results correspond- 
ed with the velocity of Schaffer collateral, stratum 
oriens and commissural fibres (n = 9, 5, 4). In one 
slice the propagation velocity of the PSs at alvear 
stimulation was estimated before and after the ap- 
plication of 4-AP. The values were the same 
(1.6 m/s), but spontaneous 4-AP bursts had a high- 
er velocity (3.5 m/s). It can be concluded that veloc- 
ities above 1.8 m/s occur with stimulation of the 
alveus in CA1 or the pyramidal layer in CA2-3 and 
with spontaneous bursts, but not with stimulation 
of the other fibre systems in CA1. Another con- 
clusion is that the velocities we found between 0.55 
and 1.0m/s (n=10) and higher than 1.8m/s 
(n = 12) do not fit those of the fibre systems in CA1 
under control conditions. 
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Spontaneous bursts were recorded and 
analysed from 9 slices. In 4 slices they originated 
from the recording area in the central part of CA1 
and propagated in two directions. Results are 
shown in Fig. 5 (curves 2 and 3). In the other 5 
slices the burst activity came either from the CA2- 
side of the recording area (n = 3) or from the subic- 
ular side (n=2). The finding that spontaneous 
bursts can develop in the CA1 area was confirmed 
Fig. 3. A Averaged epileptiform bursts recorded simultaneously 
in the CA1 b pyramidal layer with 8 electrodes at intervals of 
0.13 mm; l. response to stimulation of stratum oriens in area 
CAla, 2. response to stimulation of the pyramidal ayer in 
CA3, 3. spontaneous bursts; trace I at the subicular side (1) 
or at the CA3-side (2 and 3) of the recording area, positive 
up. B Plot of electrode distance versus delay between the first 
PS of the recordings hown in A; propagation velocities: 0.25 
and 0.45 m/s (1), 2.5 m/s (2) and 1.9 m/s (3) 
by experiments in which incisions were made in the 
slice. In these cases, even when the CA1 area was 
completely isolated from the other parts of the 
hippocampal slice, regular spontaneous burst activi- 
ty could occur in this area. 
In several slices the propagation velocity was 
not the same in different parts of the CAlb area. 
This occurred with spontaneous bursts (4 slices) as 
well as with bursts evoked with stimulation in 
CA2-3 (5 slices) and in the alveus/oriens of CA1 (3 
slices). An increase in velocity (Fig. 3 B, curve 1 and 
Fig. 5, curve 4) was found as well as a decrease (Fig. 
5, curve 5), by a factor ranging from 2 to 6. This 
phenomenon was independent of the direction of 
propagation in CA1 and a shift in propagation 
velocity does not seem to be confined to a specific 
site in the CA lb area. 
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Fig. 4 A, B. Distribution of the 
propagation velocity in the 
hippocampal CA1 area: A fibre 
bundles (n = 17) in control 
experiments, B epileptiform bursts 
(n = 68), subdivided into velocities 
of 0.15-0.55 m/s (I), 0.55-1.8 m/s 
(II) and > 1.8 m/s (III) 
Fig. 5. Plots of electrode distance 
versus delay. 1. spontaneous 
epileptiform bursts propagated 
from the subicular to the CA2 
side at a velocity of 3.6 m/s; 
2. spontaneous bursts initiated in 
the recording area in CAlb (see 
arrow) and propagated towards 
the subiculum at a velocity of 
1.7 m/s and at 1.4 m/s towards 
CA2; 3. spontaneous bursts 
propagated towards the 
subiculum at a velocity of 1.1 m/s 
and at 0.8 m/s towards CA2; 4--5. 
spontaneous epileptiform bursts 
with different propagation 
velocities in different parts of the 
area CAI b: 4. velocity of 0.24 m/s 
increased to 1.0 m/s, 5. velocity of 
0.55 m/s decreased to 0.17 m/s; 
propagation from the CA2-side to 
the subicular (SUB) side 
Propagation velocity and ionic concentrations 
Because the extracellular concentration of K § in 
the hippocampus increases during epileptiform ac- 
tivity (Fisher et al. 1976), we were interested in the 
effect of an increase of the K + concentration i the 
bathing medium on the propagation of epilep- 
tiform bursts. K § concentrations of 3, 5 and 8 mM 
were applied to 2 slices, but we did not observe any 
significant change in the propagation velocity of 
the bursts. However, an increase of K § in the 
bathing medium from 3-5 to 8-9 mM led to an 
increase of the amplitude of the first PS varying 
from 30% to more than 100%. 
We also investigated the effect of low ex- 
tracellular Ca 2§ on the propagation of epilep- 
tiform and non-epileptiform activity. After testing 
the slices in a normal medium with or without 
4-AP, they were incubated in a medium with 
0.2mM Ca 2+ and 3.3 mM Mg 2§ for two hours. 
Because the amplitude of the PS was reduced to 
less than 1 mV in this medium, we increased 
the K § concentration to 6.5-7.0 mM in order to 
obtain a larger signal. In this medium, with or 
without 4-AP, we observed propagation of PSs 
after stimulation of the alveus at velocities vary- 
ing from 1-5 m/s. This range not only includes 
the normal propagation velocity of alvear fibres, 
but also higher velocities. These experiments con- 
firm the results published by several authors, that in 
slices withlow Ca 2+ and high Mg 2+ (or Mn2+), 
when synaptic transmission is blocked, interaction 
between neurons is still possible (see Introduc- 
tion). 
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Discussion 
The shapes of spontaneous and electrically trig- 
gered 4-AP bursts were found to be similar, as were 
the range of propagation velocities of spontaneous 
bursts and bursts triggered by stimulation of the 
CA3 pyramidal layer or the alveus in CA1. 
Therefore the propagation of these types of bursts 
may share the same mechanisms. The wide range 
of velocities found (0.15-5 m/s) indicates that dif- 
ferent mechanisms of propagation may be in- 
volved. One way is the propagation by a localfibre 
system in CA1. The velocities found for these fibres 
are in good agreement with data from literature for 
the guinea pig and the rat (Andersen et al. 1978; 
Leung 1979; Tielen et al. 1981). It was shown 
(Fig. 4) that part of the bursts propagate at a 
velocity within this range (0.3-0.55m/s and 
1.0-1.8 m/s). However, these velocities may differ 
somewhat in the epileptogenic slice where the ex- 
tracellular K § concentration is increased (Heine- 
mann et al. 1977; Somjen and Giacchino 1985; 
Heinemann 1987). Poolos et al. (1987) reported a
decrease in propagation velocity of fibres in the 
stratum radiatum of CA1 by~ 30% at an increase 
of the interstitial K § concentration from 3 to 
9 mM. If there is any effect of extracellular K § on 
the propagation velocity of fibres in the epilep- 
togenic slice, it will be a decrease. Therefore it 
appears that propagation at velocities above 
1.8 m/s cannot be due to fibre conduction, whether 
or not influenced by an increase in extracellular 
K+, but must be explained by other mechanisms. 
Because propagation by low resistance gap junc- 
tions is not probable in the CA1 area (see Introduc- 
tion), non-synaptic propagation based on electrical 
field effects may be assumed. This propagation by 
ephaptic interaction depends on the influence which 
neurons exert on their neighbours by means of their 
extracellular potential field. This field has to excite 
inactive and marginally active neurons by de- 
polarizing their soma membranes to at least the 
threshold level. Both the membrane potential of 
these cells and the field potential should be con- 
sidered. The threshold epolarization in hippocam- 
pal pyramidal cells under normal conditions is 
4-5 mV (Spencer and Kandel 1961). Under epilep- 
tic conditions the increased interstitial K + con- 
centration will lead to a decrease of the threshold 
depolarization. The gradient of the field potential 
can be large if the neurons are densely packed and 
the extracellular conductivity is low, as in the pyra- 
midal layer of the CA1 area (Taylor and Dudek 
1982 a, 1984 a, b; Haas and Jefferys 1984; Richard- 
son et al. 1984; Snow and Dudek 1984b; Yim et al. 
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Fig. 6. The first PS of  an epileptiform burst recorded in the 
pyramidal ayer of the CA 1 area; maximum V = -4 .18  mV 
1986). It was found that the conductivity in this 
layer is ~ 44 % of the value in the stratum radiatum 
(Holsheimer 1987). Therefore, if a population of 
pyramidal cells generates action potentials almost 
simultaneously, as during epileptiform bursts, a 
population spike (PS) having a high amplitude may 
arise in the pyramidal layer. Traub et al. (1985a) 
concluded from a modeling study that at sufficient- 
ly high values of extracellular resistivity field effects 
alone can account for excitation of neighbouring 
neurons. Their values of simulated membrane de- 
polarization ranged from 0.5-3.5 mV. Yim et al. 
(1986) recorded epolarizations of the soma mem- 
brane of pyramidal cells in CA1 with an average 
value of 2.7 mV, corresponding with an average of 
4l % of the PS amplitude in the pyramidal layer. 
What will be the effect of ephaptic interaction on 
the velocity of propagation ? The propagation veloci- 
ty of a PS between the positions A and B in the 
pyramidal layer is estimated from the distance and 
the delay between the peaks of the PS in A and B. 
These peaks correspond to the excitation of neu- 
rons in A and B. Let us assume that the depolariza- 
tion and the subsequent excitation of population B
is caused by the PS of population A at a small 
distance, of say 0.1 mm. The delay between the 
PS in A and B will be influenced by several para- 
meters: (a) the PS amplitude in A, (b) the decay of 
the PS amplitude from A to B, (c) the delay between 
the PS and the resulting change in membrane 
potential, (a t) the threshold epolarization of the 
pyramidal cells in B and (e) the delay between the 
threshold epolarization a d the peak of the action 
potential in B. Let us further assume that a PS, 
originating in A, causes a membrane depolariza- 
tion of 2.5mV in the cells in B and that their 
excitation threshold is 2.0 mV. If the propagation 
velocity should be 0.33 m/s, the delay of the PS 
between A and B (distance 0.1 mm) will be 0.30 ms. 
If the threshold epolarization of the cells in B 
varies (due to a change in interstitial K § concentra- 
tion), the change in delay can be calculated from 
the shape of the PS (Fig. 6). At a threshold e- 
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polarization of 1.5 mV (=0.60 of the maximum 
depolarization) instead of 2.0 mV ( = 0.80) the cells 
in B will be excited 0.20 ms earlier by the same PS 
and this will result in a propagation velocity of 
1.00 m/s. In this example the propagation velocity 
will increase by 200 % due to a decrease in threshold 
depolarization by only 25%. Thus, the velocity of 
ephaptic propagation will increase at an increased 
K + concentration. In contrast, the conduction 
velocity of nerve fibres may decrease (Poolos et al. 
1987). 
How can different propagation velocities of the 
PS in various parts of the CA1 area be explained? 
As shown before, ephaptic propagation may have 
different velocities in different parts of the CA1 
area if the K + concentration differs slightly. Dif- 
ferent propagation velocities of the PS may also 
result from fibre conduction, even at a constant 
conduction velocity. If the number of activated 
synapses at the pyramidal cells decreases, these cells 
will depolarize more slowly and the interval be- 
tween CAP and PS will increase. However, achange 
in the propagation velocity of the PS was never 
observed in the control experiments, o that a 
variation in synaptic drive does not seem to be a 
probable xplanation. Ephaptic propagation i the 
pyramidal layer, with a varying interstitial ionic 
composition, may explain the change in velocity 
observed in several experiments. The effect of in- 
creasing the K + concentration in the bathing 
medium on the threshold depolarization of the 
pyramidal cells was shown by an increase of the PS 
amplitude, which represents he number of simul- 
taneously excited cells. However, we did not ob- 
serve a change in propagation velocity when vary- 
ing the K + concentration i  experiments on 2 
slices. We neither observed a change in propagation 
velocity at an increase of the Ca 2 + concentration 
from 1 to 5 raM. 
A wide range of propagation velocities has also 
been reported for burst activity in the hippocampal 
CA1 area in a low-calcium medium by Haas and 
Jefferys (1984). They found that ephaptic propaga- 
tion varied from 0.001-0.1 m/s, depending on the 
type of burst (with a gradual or an abrupt onset). 
The range of velocities is much lower than in this 
study, but this may be attributed to different experi- 
mental conditions. 
Regarding the propagation of epileptiform ac- 
tivity another elevant observation i  the analysis 
of laminar field potentials in the CA1 area during 
4-AP epileptiform bursts has been made (Hols- 
heimer et al., in preparation). The initial current 
sink of spontaneous bursts and bursts triggered by 
stimulation was at the pyramidal layer, except for 
stimulation of the Schaffer collaterals which was 
followed by an initial sink in the stratum radiatum 
(field EPSP). Therefore the propagation of epilep- 
tiform bursts is usually attended by a direct de- 
polarization of the pyramidal somata, which points 
to ephaptic interaction or excitatory synaptic ac- 
tivity at or near the pyramidal layer, and not to 
Schaffer collateral propagation. 
In contrast o the observations of Schwartz- 
kroin and Prince (1978), Wong and Traub (1983), 
as well as Voskuyl and Albus (1985) we found that 
spontaneous epileptiform bursts are not exclusively 
initiated in the CA2-CA3 area, but can also start 
from the CA1 area. This finding was confirmed by 
recordings of spontaneous bursts in the CA1 area 
after complete isolation from other parts of the 
hippocampal s ice. This can be due to the rather 
thick slices (600 gm), favouring excitatory interac- 
tion between pyramidal cells by fibre connections 
perpendicular to the lamellar plane (Christian and 
Dudek 1988). Hablitz (1984) also observed spon- 
taneous bursts originating in the CA1 area of slices 
400-550 I.tm thick. Although a site of seizure initia- 
tion may be created by local damage, it is not likely 
that this will occur on penetration of our 33 gm 
diameter recording electrodes. Knowles et al. 
(1987), who used 61 gm diameter electrodes in 
CA2-3, found that spontaneous bursts always orig- 
inated at a discrete focus at or near CA2. 
It can be concluded that the propagation 
velocity of 4-AP epileptiform bursts in the hippo- 
campal CA1 area varies in a much wider range than 
the velocities of the fibre bundles in CA1. The 
mechanism of ephaptic interaction, which is fa- 
voured under epileptic onditions, may lead to a 
large variation of the propagation velocity. 
Therefore the propagation mechanism of epilep- 
tiform activity can be ephaptic interaction in the 
pyramidal layer or conduction by nerve fibres with 
synapses at or close to the pyramidal layer. 
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